Background Within the ORACLE Children Study Cohort, the authors have evaluated long-term consequences of the diagnosis of confi rmed or suspected neonatal necrotising enterocolitis (NEC) at age of 7 years. Methods Outcomes were assessed using a parental questionnaire, including the Health Utilities Index (HUI-3) to assess functional impairment, and specifi c medical and behavioural outcomes. Educational outcomes for children in England were explored using national standardised tests. Multiple logistic regression was used to explore independent associates of NEC within the cohort. Results The authors obtained data for 119 (77%) of 157 children following proven or suspected NEC and compared their outcomes with those of the remaining 6496 children. NEC was associated with an increase in risk of neonatal death (OR 14.6 (95% CI 10.4 to 20.6)). At 7 years, NEC conferred an increased risk of all grades of impairment. Adjusting for confounders, risks persisted for any HUI-3 defi ned functional impairment (adjusted OR 1.55 (1.05, 2.29)), particularly mild impairment (adjusted OR 1.61 (1.03, 2.53)) both in all NEC children and in those with proven NEC, which appeared to be independent. No behavioural or educational associations were confi rmed. Following NEC, children were more likely to suffer bowel problems than non-NEC children (adjusted OR 3.96 (2.06, 7.61)). Conclusions The ORACLE Children Study provided opportunity for the largest evaluation of school age outcome following neonatal NEC and demonstrates signifi cant long-term consequences of both gut function (presence of stoma, admission for bowel problems and continuing medical care for gut-related problems) and motor, sensory and cognitive outcomes as measured using HUI-3.
INTRODUCTION
Neonatal necrotising enterocolitis (NEC) is a devastating condition occurring primarily in very preterm children in the weeks after birth and is thought to result from a combination of factors, namely hypoxia, infection and feeding. 1 Because of high intrinsic mortality and morbidity, it is monitored within neonatal and perinatal trials as an adverse outcome. NEC is associated with an increased frequency of neurodevelopmental problems in survivors, mainly evaluated in infancy, 2 3 and potentially mediated by white matter injury associated with the primary illness. 4 ORACLE evaluated the effects of prescription of erythromycin or co-amoxiclav for women with either preterm rupture of the membranes (PROM) or spontaneous preterm labour (SPL) with intact membranes and no overt infection, using a 2×2 factorial design. ORACLE collected limited data regarding NEC, namely whether the baby had had the condition and whether that was suspected or confi rmed by an x-ray/operation. Among babies whose mothers had PROM, co-amoxiclav prescription was associated with increased risk of NEC, 5 the reason for which is unknown. In contrast, for women with PROM, erythromycin was associated with prolongation of pregnancy and improvements in short-term maternal and neonatal morbidity; for singletons, there was a reduction in the composite primary outcome (death or abnormal cerebral ultrasound or use of supplemental oxygen at 36 weeks postmenstrual age). For women with SPL, there was no evidence of either benefi t or harm at discharge from hospital. 5 The ORACLE Children Study (OCS) sought follow-up information for surviving children at 7 years of age in the UK using a parent-report postal questionnaire. 6 The primary outcome was defi ned as the presence of any level of functional impairment using the Multi-Attribute Health Status (MAHS) classifi cation system. 7 were compared with those of 6439 children whose mothers responded from a total of 8729 children and who did not have NEC in the neonatal period (fi gure 1).
ORACLE Children Study
OCS was carried out between 2002 and 2007. Details of the contact and tracing of the cohort are described in the original reports 8 9 and appropriate approval to perform the study was granted by the West Midlands Multi-centre Research Ethics Committee. Parental report outcomes included the Health Utilities Index (HUI) from which the MAHS is derived, 7 the Strengths and Diffi culties Questionnaire (SDQ) 10 together with specifi c questions on respiratory symptoms, hospital admissions, convulsions, other specifi c medical conditions and demographic data. We used results from National Curriculum tests (Key Stage 1), done at 7 years of age to assess the children's educational attainment for residents in England for those children whose parents gave permission for us to obtain them from the school/local education authority. Data concerning social disadvantage, educational level and child poverty risk were derived from national data (www.neighborhood.statistics.gov.uk). OCS data were combined with results from the original trial for analysis.
Statistical analysis
The sample size was prespecifi ed by the original ORACLE trial and the response to the OCS. An indicative power calculation assuming 40% prevalence of any functional impairment for the children without NEC showed that at 80% power and at 7 years was assessed for children resident in England using results from National Curriculum tests at Key Stage 1.
We found that for children whose mothers had PROM, the prescription of antibiotics seemed to have little effect on the health and educational attainment of children at 7 years. 8 For children whose mothers had SPL, the prescription of erythromycin (with or without co-amoxiclav) was associated with an increase from 38% to 42% in the numbers of children with any level of functional impairment. 9 There was also about twofold increase in the risk of cerebral palsy (CP) associated with the use of either antibiotic from just under 2% to just over 3% and perhaps particularly with the use of both.
We have taken the opportunity of the OCS to evaluate longer-term outcomes for children with NEC than have been previously reported. We hypothesised that this group of children would be at particular risk of functional impairments in middle childhood, leading to poorer educational attainment.
METHODS Population
Among children born between July 1994 and August 2000 to mothers resident in the UK within ORACLE, 209 were identifi ed to have NEC -for 83 children, this was considered proven and for 126 this was suspected with no radiological or surgical confi rmation. Of these, 52 died during their original admission and three after discharge from maternity services; we obtained information on the outcome for 119 of 154 eligible children at 7 years of age (77%) as part of the OCS. These outcomes Figure 1 Derivation of the two populations compared in the study from the original ORACLE population. On the necrotising enterocolitis (NEC) side of the fl ow chart, the abbreviations 'p' and 's' are used to denote proven and suspected NEC, respectively. deprived areas than non-responders. In addition, more nonresponding children scored below level 2 in Key Stage 1 tests and were non-white compared with the responders. ( 5 6 ).
Death before discharge from neonatal admission
Fifty-two of 209 (25%) children with NEC died before discharge compared with 199/8985 (2.2%) children without NEC (OR (95% CI): 14.6 (10.4 to 20.6)). OR were reduced in the adjusted analyses (model 1: 2.30 (1.54 to 3.44); model 2: 2.08 (1.40 to 3.10)); NEC is thus an independent risk factor for hospital deaths. Gestation at birth, caesarean section or breech birth (compared with spontaneous vaginal birth), ventilation and abnormal cerebral ultrasound were all found to be associated with death predischarge and were included in adjusted models.
Functional impairment
Using the parent report HUI-3 classifi cation of disability, 56% (64 of 114) children with NEC had any functional impairment compared with 40% (2417 of 6109) without NEC; NEC was associated with an increased risk of any impairment (1.87 (1.30, 2.71)) and signifi cant increased risk at each level of severity, with the exception of severe impairment (table 1) . Adjusted analyses suggested statistically signifi cant differences for any functional impairment (OR 1.55 (1.05, 2.28)) and mild impairment (OR 1.61 (1.03, 2.53), and a marginal difference for moderate impairment (OR 1.70 (0.99, 2.91) (table 1); however, event rates for both moderate and severe impairments are relatively low. The association between NEC and three or more abnormal attributes was no longer evident after adjustment for other neonatal factors.
Factors that were commonly included in adjusted models were maternal age, gestation at birth, ventilation and abnormal cerebral ultrasound.
Behaviour
In unadjusted analyses for abnormal or borderline results from the SDQ, all point estimates of OR comparing children with NEC to those without NEC were greater than one but signifi cant associations were only seen for the impact score (OR 1.66 (1.11, 2.50); table 2). Once adjustment for all other factors was performed, there was no clear evidence of statistically signifi cant relationships between NEC and any behavioural outcomes. Factors consistently included in the models were maternal age, markers of gestation (gestation at birth or at PROM), multiple births and ventilation/oxygenation at 28 days age. For full details, see online supplementary Appendix A.
Educational outcomes
In unadjusted analyses, poor educational attainment in each Key Stage 1 subject was strongly associated with neonatal NEC 5% signifi cance level, this study could detect a relative difference between the children without NEC and those with NEC of 34% (ie, a prevalence of 54% for children with NEC).
Five sets of outcomes were defi ned for this analysis: death, functional impairment (presence of any impairment in three categories and impairment for three or more attributes from HUI-3), behaviour (presence of abnormal or borderline scores for emotional symptoms, conduct problems, hyperactivity, peer problems, pro-social behaviour, total diffi culties and impact); medical conditions (presence of CP, seizures, attention defi cit hyperactivity disorder (ADHD) and bowel problems from parental questionnaire) and educational attainment (achieving below level 2 at Key Stage 1 tests in reading, writing and mathematics).
Initial unadjusted analyses were performed to determine the extent to which the occurrence of NEC predicts the OCS outcome. Multiple logistic regression models were then used to allow adjustment for any factors that may confound the relationship between NEC and the relevant outcome. Two groups of possible confounders were identifi ed: model 1 -characteristics present before birth: maternal age, gestational age at birth, birth weight for gestation 'Z' score, mode of birth, antenatal steroid use, sex, multiple birth, ethnicity (white/non-white), housing type (owned/non-owned), PROM, erythromycin and co-amoxiclav, postnatal prescription of antibiotics to the mother; model 2 -characteristics present before birth plus neonatal outcomes: as above, and positive blood culture in the baby, respiratory distress syndrome, use of surfactant, ventilation, supplemental oxygen at 28 days and abnormal cerebral ultrasound.
A signifi cance level of 10% was used for selection of variables at all stages of model building. Categorical variables were fi tted with the most common category as the reference category. Highly correlated variables (eg, ventilation and oxygenation at 28 days) were not simultaneously included in any models. Results from both adjusted and unadjusted analyses are displayed as adjusted OR and 95% CI. Full details of the factors adjusted for in all of the models are given in online supplementary Appendix A.
There were no missing data for any of the potential confounding factors. Of the children whose mothers responded to the OCS questionnaires, there is very little missing data for OCS outcomes. The amount of missing data is described for each outcome. No formal adjustment was made for multiple testing. However, when interpreting results, consideration was made for the plausibility and direction of effect estimates. All analyses were performed in Stata version 10.
RESULTS
Non-responders to the OCS had on average younger mothers, experienced less neonatal morbidity and were from more Postoperatively, there is a risk of short bowel syndrome with its attendant complications. In this study, we have confi rmed the high neonatal mortality but in addition shown that NEC, whether suspected or proven, independently confers an excess of both functional impairments and childhood bowel problems. The small number of children with proven NEC poses a problem of small sample size but analysing as three groups (proven NEC, suspected NEC and no NEC) does not alter these conclusions. Reassuringly, there do not appear to be strong associations with behavioural or educational problems. This study provides useful information for clinicians and parents as to the long-term consequences of this condition and confi rms the fi ndings from other outcome studies of groups comprising severe neonatal disease. 2 3 This also confi rms our anxiety concerning the use of co-amoxiclav to treat women who present with PROM as its use was associated with an increased prevalence of NEC in the ORACLE I trial. 5 We chose to structure our analyses using a sequential pattern of analysis to obtain as much information about the nature of the associations observed. In model 1, we identifi ed pre-existing factors that were not modifi able by alternative perinatal management strategies. In this group, we placed the trial interventions because of the fi nding of the main ORACLE trial. In the second group (model 2), we placed factors we had recorded which would have placed the infant at an increased risk of NEC. No data were collected regarding the timing of onset of milk feeds or of the use of formula milk; neither was the use of inotropic support nor antenatal measures of fetal health, in particular Doppler studies of fetal fl ow velocities, so we simply added two markers of sepsis risk -treatment of the mother postnatally for infection and the presence of a positive blood culture in the child. In this group, we added items that were coexistent with NEC, as they may have mediated the effect of NEC on the outcome concerned. This produces interesting results, despite the risk of over-adjustment. In terms of functional impairments, there is a strong independent relationship of NEC with any impairment and with mild impairment. The (table 3) . However, after adjustment for other factors, there was no formal evidence of statistically signifi cant relationships between education and NEC, although this is marginal for reading (OR 1.68 (0.97, 2.91)). In addition, all estimated ORs are greater than one.
Medical conditions
On univariate analysis, associations were found between NEC and CP (8/118 (7%) vs 159/6316 (3%); OR 2.77 (1.33, 5.77)), and parent report of ADHD (18/118 (15%) vs 462/6316 (7%); OR 2.24 (1.34, 3.72); table 4). After adjustment, there was no formal statistical evidence of increased CP or increased ADHD associated with NEC. However, the event rates are low.
Signifi cant associations were found between NEC and later bowel problems in childhood (18/118 (7%) vs 202/6316 (3%); OR 5.34 (3.17, 8.98)) and particularly the presence of a stoma (OR 4.16 (1.78, 9.73)), as might be anticipated, but also of 'other bowel problems' (OR 5.59 (3.00, 10.4)). These were further defi ned in free text and comprised hospital admissions for constipation, diarrhoea, stomach troubles or being under care of a doctor for bowel problems). Adjustment for other factors suggested strong evidence of NEC being an independent risk factor for all bowel problems and non-stoma bowel problems (method 2 ORs 3.61 (2.08, 6.25) and 3.96 (2.06, 7.61), respectively). Evidence was weaker for bowel stoma (method 2 OR 2.35 (0.96, 5.74)). Again, event rates are relatively low. Important factors infl uencing the relationship between NEC and bowel problems at age seven included gestation at birth, multiple births, antenatal steroid use and postnatal surfactant use/respiratory distress syndrome.
DISCUSSION
NEC remains a devastating condition that arises during neonatal intensive care primarily of the very preterm infant. It is associated with a high frequency of shock and coagulopathy and will frequently require laparotomy and stoma formation. In this study, we have demonstrated ongoing morbidity at 7 years associated with NEC occurring in the neonatal period among the children of women recruited to ORACLE. This extends outside specifi c bowel symptoms to functional impairments, ongoing seizure disorders and to a diagnosis of ADHD reported by parents. Some of this morbidity is mediated through the well-described pathways of major neonatal morbidities themselves associated with NEC.
effect of the association with moderate impairment is no longer evident when other co-morbidities and mediating variables are added in. However, the number of children with moderate impairments is low. NEC is itself associated with an increased need for ventilation, an increased risk of bronchopulmonary dysplasia and of intraventricular haemorrhage. Hence, some of the effect of NEC on functional impairment may have been mediated through these excess risks. Of interest is that selecting out only those children with proven NEC demonstrates a persisting association with moderate functional impairment. Similarly, there is some face validity to these associations provided by the parent report of seizure disorders and of ADHD diagnoses as more prevalent within children who had NEC.
The size of the population in the OCS meant that assessment of the children by parental questionnaire was the most practical and cost-effective way of obtaining information. We included validated tools within the questionnaire where possible. More subtle treatment differences may thus have been missed. There is also the potential for health conditions to be either overreported or under-reported. We acknowledge that the response rate obtained, particularly for the children's educational attainment, may allow some bias, but there was no evidence of differential non-response bias between the randomised groups.
While mortality in extremely and very low birthweight babies has decreased signifi cantly over the past 20 years, mortality from NEC has signifi cantly increased in England and Wales. 11 Few studies have evaluated long-term functional or neurodevelopmental outcome after neonatal NEC specifi cally and the median follow-up found by a recent systematic review was found to be 20 months (range 12-156); 2 3 so, this study offers evidence about longer-term development at 7 years in a large group of children. This study is unique in that it was able to look at behaviour, other medical conditions and educational attainment as well as neurodevelopment, which has been the focus of other studies. NEC is associated with a fl orid infl ammatory response, which may play a role in the poor growth and neurodevelopment found in survivors; increased serum levels of pro-infl ammatory cytokines have been associated with abnormal cognitive and psychomotor outcomes. 12 The association with stoma formation and other bowel problems is interesting. Following NEC, stomas are usually temporary unless there is signifi cant loss of bowel and short bowel syndrome. However, even then closure is usually attempted suggesting ongoing bowel problems beyond the fi rst year. Even where there is no stoma, we have demonstrated an increased risk of ongoing general bowel problems following NEC, which is rarely recognised in the literature, although there may be some over-reporting of symptoms, as parents were aware that their child had NEC. 
